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Specific proteins are required to translocate phosphatidylcholine
bidirectionally across the endoplasmic reticulum
Anant K. Menon, William E. Watkins III and Sigrún Hrafnsdóttir
Background: A long-standing problem in understanding the mechanism by which
the phospholipid bilayer of biological membranes is assembled concerns how
phospholipids flip back and forth between the two leaflets of the bilayer. This
question is important because phospholipid biosynthetic enzymes typically face
the cytosol and deposit newly synthesized phospholipids in the cytosolic leaflet of
biogenic membranes such as the endoplasmic reticulum (ER). These lipids must
be transported across the bilayer to populate the exoplasmic leaflet for membrane
growth. Transport does not occur spontaneously and it is presumed that specific
membrane proteins, flippases, are responsible for phospholipid flip-flop. No
biogenic membrane flippases have been identified and there is controversy as to
whether proteins are involved at all, whether any membrane protein is sufficient, or
whether non-bilayer arrangements of lipids support flip-flop.
Results: To test the hypothesis that specific proteins facilitate phospholipid flip-
flop in the ER, we reconstituted transport-active proteoliposomes from
detergent-solubilized ER vesicles under conditions in which protein-free
liposomes containing ER lipids were inactive. Transport was measured using a
synthetic, water-soluble phosphatidylcholine and was found to be sensitive to
proteolysis and associated with proteins or protein-containing complexes that
sedimented operationally at 3.8S. Chromatographic analyses indicated the
feasibility of identifying the transporter(s) by protein purification approaches,
and raised the possibility that at least two different proteins are able to facilitate
transport. Calculations based on a simple reconstitution scenario suggested
that the transporters represent ~0.2% of ER membrane proteins.
Conclusions: Our results clearly show that specific proteins are required to
translocate a phosphatidylcholine analogue across the ER membrane. These
proteins are likely to be the flippases, which are required to translocate natural
phosphatidylcholine and other phospholipids across the ER membrane. The
methodology that we describe paves the way for identification of a flippase.
Background
The mechanisms involved in the assembly of the phospho-
lipid bilayer of biomembranes are unknown [1–5]. In
eukaryotic cells, most of the enzymes of glycerophospho-
lipid synthesis are membrane-bound polypeptides located
in the microsomal fraction, principally in the endoplasmic
reticulum (ER) [6,7]. The enzymes have their active sites
oriented toward the cytosol and use cytosolic components
for lipid synthesis [6]. Newly synthesized phospholipids are
thus initially located in the cytoplasmic leaflet of biogenic
membranes and must be transported across the bilayer to
populate the exoplasmic leaflet for membrane growth
(Figure 1). Transport is rapid, with a half-time for equilibra-
tion in the range <25 seconds [8] to ~3 minutes [9], and
appears to be an ATP-independent, bidirectional process,
with no apparent selectivity for particular glycerophospho-
lipid headgroups [9,10]. Similar results have been reported
in studies of phospholipid flip-flop in bacterial cytoplasmic
membranes [11–14]. Because transbilayer movement does
not occur at an appreciable rate in protein-free membrane
vesicles [15], it has been suggested that it is catalyzed by
membrane proteins termed flippases. Although more than
two decades have elapsed since the term ‘flippase’ was
coined [16], no biogenic membrane flippase has been iden-
tified and the mechanism of lipid flip-flop in these mem-
branes remains obscure.
A number of phospholipid translocators have been identi-
fied (or implicated to exist) that are resident in the plasma
membrane [1–5]. It is conceivable that these proteins
provide the translocation activity found in the ER as they
are presumably first integrated into the ER membrane
before transport to the plasma membrane. This possibility
can be discarded, however, as phospholipid translocation
at the plasma membrane, unlike the ER, is stimulus-
dependent (either Ca2+ or ATP is required for activity)
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and, in many cases, unidirectional and headgroup specific.
Although considerable evidence points to the involvement
of a protein catalyst [8–10,17–20], it remains distinctly pos-
sible that the mere presence of membrane proteins [21],
non-bilayer arrangements of phospholipids [8], or non-
protein biogenic membrane components such as dolichols
or polyprenols [22] are somehow responsible for facilitat-
ing flip-flop. Thus, it is crucial to ask whether phospho-
lipid flip-flop in the ER requires proteins and, if so,
whether a specific protein is required. To address these
issues, we opted for a biochemical reconstitution approach
aiming to reconstitute flippase-active vesicles from deter-
gent extracts of endoplasmic reticulum and characterize
components of the detergent extract responsible for activ-
ity. Our data show clearly that flippase activity in the
endoplasmic reticulum is due to specific proteins.
Results
Flippase activity in vesicles derived from the
endoplasmic reticulum
Flippase activity was monitored according to Bishop and
Bell [9] by measuring the transport of [3H]dibutyryl-
phosphatidylcholine ([3H]diC4PC), a water-soluble phos-
pholipid, into sealed unilamellar vesicles. The principal
advantage of using diC4PC as the transport substrate is to
convert an otherwise cumbersome and poorly time-resolved
analysis of phospholipid re-orientation in the membrane
bilayer into the relatively simple analysis of solute transport.
DiC4PC contains a polar phosphorylcholine headgroup, the
structural component that blocks spontaneous transfer of
PC across the ER membrane. Bishop and Bell [9] and
Kawashima and Bell [23] showed that diC4PC transport
across rat liver microsomal membranes was bidirectional,
time-dependent, protein-dependent, stereospecific, and
dependent on an intact membrane permeability barrier.
Furthermore, transport led to apparent equilibration
between the extravesicular space and the vesicular lumen.
We have confirmed many of these observations.
Preliminary experiments showed that [3H]diC4PC was
taken up by rat liver microsomes with a half-time to equi-
librium of ~1 minute at 30°C (data not shown). Transport
was found to be vigorous even at 0°C (data not shown),
underscoring the need for rapid sample processing. As the
transport half-time measured corresponds closely to the
time-resolution of the assay (≤1 minute for sample pro-
cessing), uptake could be more rapid than the data indi-
cate. For a number of reasons (see below), the slow step in
the equilibration of [3H]diC4PC between the extra- and
intra-vesicular space is likely to be the productive associa-
tion of the phospholipid at the vesicle surface rather than
transbilayer movement itself. In separate experiments in
which suspensions of [3H]diC4PC-loaded vesicles were
abruptly diluted with isotonic buffer so as to reduce the
extravesicular concentration of [3H]diC4PC, the analogue
was found to exit the vesicles with similarly rapid kinetics
(data not shown). These data indicate that microsomal
vesicles are functionally symmetric with respect to
diC4PC transport, possessing the ability to import as well
as export [3H]diC4PC. 
The microsomal preparations used for the preliminary
studies described above comprised a heterogeneous
mixture of membranes, predominantly ER, that were iso-
lated from a post-mitochondrial supernatant by ultracen-
trifugation. To enrich for ER membranes to use as a
starting point for flippase reconstitution, we fractionated
the microsomal preparation (M) into smooth (S) and rough
(R) vesicles and tested for diC4PC transport. As shown in
Figure 2a, the rough microsomal fraction was characterized
by an enrichment of the ER marker ribophorin I [24,25],
and the near total absence of plasma membrane and Golgi
markers (dipeptidylpeptidase IV [26] and α2,6 sialyltrans-
ferase [27], respectively; Figure 2a). In contrast, ribophorin I
was somewhat depleted and dipeptidylpeptidase IV and
sialyltransferase were enriched (relative to total micro-
somes) in the smooth fraction. Both the smooth and the
rough microsomal fractions were able to transport diC4PC
(data not shown). When the rough microsomes were washed
with high salt and EDTA to remove peripheral proteins,
transport activity was retained (Figure 2b). No metabolism
of the diC4PC substrate was detectable after short incuba-
tion times (5 minutes), and less than 10% of the substrate
was converted to the lyso form after a 30 minute incubation
(data not shown). Thus, a low level of substrate metabolism
lags behind diC4PC uptake in our assays and is conse-
quently unlikely to be directly involved in uptake. Because
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Figure 1
Assembly of the phospholipid bilayer of biomembranes. The figure shows
the synthesis (left) and transbilayer movement (right) of phospholipids in
the ER. The synthesis of phospholipids occurs on the cytoplasmic
face of the ER. For example, phosphatidylcholine is synthesized from
diacylglycerol and CDP–choline (an activated headgroup donor present
in the cytosol), through the action of cholinephosphotransferase, an
enzyme with its active site oriented towards the cytosol. Newly
synthesized phospholipids are initially located in the cytoplasmic leaflet
of the ER and must be flipped across the membrane for bilayer growth. 
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our transport assays typically ran for 10–15 minutes, metabo-
lism of the diC4PC did not pose a problem for our analyses.
Reconstitution of diC4PC transport
Salt-washed rough endoplasmic reticulum (SWER) vesicles
were solubilized in a buffer containing 100 mM NaCl and
1% (w/v) Triton X-100. Insoluble material was removed by
ultracentrifugation and the detergent extract was supple-
mented with egg phosphatidylcholine (egg PC) and
[3H]mannose, an aqueous content marker. (In some experi-
ments, the egg PC was supplemented with 10 mol % cho-
lesterol, and [14C]sucrose was used as a content marker.)
The extract was then treated with SM-2 Bio-Beads to
remove detergent and reconstitute unilamellar vesicles (pro-
teoliposomes) [28]. Vesicles were recovered by ultracentrifu-
gation and washed to remove extravesicular mannose and
unincorporated soluble proteins. Identical procedures were
used to prepare protein-free liposomes from Triton-X-100-
solubilized egg PC or Triton-X-100-solubilized mixtures of
SWER lipids (extracted by the Bligh–Dyer procedure [29])
and egg PC. Approximately 2–4% of the [3H]mannose
added to the reconstitution mixtures was trapped in the
vesicles. The capture of [3H]mannose during the reconstitu-
tion process indicates not only that the vesicles, once
formed, are sealed to small molecules, but also provides a
measure of the average intravesicular volume (see below).
Of the three types of vesicle preparation described above,
only proteoliposomes were competent to transport diC4PC
(Figure 3; TE/ePC). Transport occurred on a time-scale
similar to that seen with SWER vesicles (compare Figure 3
with Figure 2b), and the intravesicular volume — deduced
by assuming that the intravesicular and extravesicular con-
centrations of diC4PC are equal at equilibrium — was
similar to that defined by the [3H]mannose content marker
(see below). The inclusion of 10 mol % cholesterol in the
proteoliposome preparation had no discernible effect on
transport (see Figure 4).
Importantly, the protein-free liposome preparations were
unable to transport diC4PC (Figure 3): vesicles prepared
from egg PC alone or a mixture of ER lipids and egg PC
were similarly inactive. The ER lipids used in this experi-
ment were isolated by the Bligh–Dyer procedure, which
quantitatively extracts phospholipids, ceramides and most
of the spectrum of dolichol derivatives and glycolipids in
the ER [29,30]. Thus, vesicles comprising ER lipids in an
egg PC background are unable to support diC4PC transport.
The lack of activity in these preparations could not be
attributed to small vesicle size resulting in essentially unde-
tectable capture of [3H]diC4PC, because the intravesicular
volume (µl per µmol phospholipid) of the liposome prepara-
tions was found to be 2–3-fold larger than that of the trans-
port-competent proteoliposomes (>10 µl/µmol for the
liposomes compared with ~4 µl/µmol for the proteolipo-
somes; data not shown). Indeed, for the data shown in
Figure 3, the available intravesicular space (per assay) in the
liposome assays was about 4.4-fold larger than that in the
proteoliposome (TE/ePC) assay. We conclude that compo-
nents of the Triton extract, but not the Bligh–Dyer extract,
are required for membrane translocation of diC4PC. These
components are most likely to be proteins.
Translocation is due to a specific membrane protein(s)
To extend our characterization of the transport of
[3H]diC4PC in proteoliposomes, we generated a series of
Research Paper  Phospholipid flip-flop in the endoplasmic reticulum Menon et al. 243
Figure 2
Characteristics of sub-microsomal fractions and uptake of [3H]diC4PC
into salt-washed rough endoplasmic reticulum (SWER) vesicles.
(a) Rat liver homogenates were fractionated to yield total (M), smooth
(S), and rough (R) microsomes. Equal amounts of protein from each of
the three samples were analyzed by SDS–PAGE and immunoblotting
using antibodies to ribophorin I (~65 kDa), α2,6 sialyltransferase
(α2,6 ST, ~50 kDa) and dipeptidylpeptidase IV (DPPIV, ~110 kDa).
The protein content was normalized to the corresponding values for
total microsomes, which was set to 1, adjusting for the fraction of the
post-mitochondrial supernatant diverted for each preparation. The
average recovery of protein in the combined smooth and rough
vesicles was 87% of total microsomal protein. (b) SWER vesicles
(20 µl, 13.9 mg/ml) were equilibrated at 30°C for 1 min. Transport was
initiated by adding 5 µl [3H]diC4PC (specific activity 6,500 cpm/nmol,
1.54 mM final concentration). Reactions were stopped at the indicated
times and processed by filtration. An assay background of 890 cpm
was subtracted from each measurement in order to generate the data
as plotted. An exponential fit of the data (solid line) yielded the
following parameters (mean ± standard error): maximum uptake
= 2823 ± 166 cpm, rate constant (k) = 0.67 ± 0.10 (half-time of uptake
~1 min). Assuming that at equilibrium the intravesicular concentration
of [3H]diC4PC is identical to that outside the vesicles, the data indicate
that the intravesicular volume of the SWER preparation is 1.01 µl/mg
protein or 3.74 µl/µmol phospholipid.
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proteoliposome preparations over a range of protein:phos-
pholipid ratios (0–200 µg protein per µmol phospholipid in
the reconstituted vesicles) and assayed each for
[3H]diC4PC uptake. The results are shown in Figure 4.
The rate at which transport equilibrium was reached did
not vary in any systematic way with the protein:phospho-
lipid ratio (Figure 4a), consistent with the idea that the
rate-limiting step in [3H]diC4PC uptake is the productive
association of the analogue with the vesicle rather than
transbilayer movement. Thus, uptake rates in this assay
are not a useful measure of activity.
The amplitude of diC4PC uptake was proportional to the
protein:phospholipid ratio in the range 0–100 µg/µmol
(Figure 4b). At ~100 µg/µmol, the extent of [3H]diC4PC
uptake was such that [3H]diC4PC occupied exactly the
intravesicular space defined by the [3H]mannose vesicular
content marker, that is, [3H]diC4PC occupied 100% of the
‘marker space’. No consistent increase in amplitude was
seen when proteoliposomes were prepared at a
protein:phospholipid ratio greater than ~100 µg/µmol,
reinforcing the premise of the transport assay that diC4PC
is transported into the proteoliposomes rather than being
non-specifically bound to the surface of the vesicles. Fur-
thermore, transport became essentially undetectable as
the protein:phospholipid ratio approached zero, consistent
with our observation that protein-free liposomes cannot
transport diC4PC (Figure 3). Vesicles prepared with an
egg PC and cholesterol mixture and [14C]sucrose as a
content marker behaved similarly (Figure 4b).
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Figure 3
Reconstitution of [3H]diC4PC-transport-competent proteoliposomes
from detergent-solubilized SWER. Salt-washed ER (~23 mg/ml,
~7.5 µmol phospholipid/ml) was solubilized by adding an equal volume
of 2× buffer (see Materials and methods) and incubating on ice for
30 min. Insoluble material was removed by ultracentrifugation and the
supernatant (Triton extract, TE) was added to a glass tube containing a
solution of egg PC in 1× buffer. For the experiment shown, 250 µl of
TE (containing ~0.9 µmol phospholipid) was added to a tube containing
~0.36 µmol egg PC in 750 µl 1× buffer. The mixture was supplemented
with [3H]mannose and treated with SM2 Bio-Beads to remove
detergent. The resulting proteoliposomes (TE/ePC) were assayed for
their ability to transport [3H]diC4PC. The assay shown was conducted
at 25°C, in a total volume of 25 µl containing 6.67 mM [3H]diC4PC
(2872 cpm/nmol) and 33.4 µg vesicle protein. The line through the
points represents a single exponential fit of the data with the following
constants (± standard error): maximum uptake = 0.82 ± 0.04 nmol, rate
constant (k) = 0.38 ± 0.05 min–1. The k value corresponds to a half-time
of uptake of 1.85 min. Parallel assays were performed with vesicles
prepared from egg PC alone (ePC), and a mixture of egg PC and
SWER lipids (obtained by Bligh–Dyer extraction of SWER; ERL/ePC).
The proportion of SWER phospholipids to egg PC in the ERL/ePC
vesicles was ~0.19 compared to ~0.21 for the TE/ePC vesicles.
The protein:phospholipid ratio in the TE/ePC vesicles was
187.3 µg/µmol. The amount of vesicle phospholipid in each assay was
measured to be 320 nmol, 309 nmol, and 178.3 nmol for the ERL/ePC,
ePC, and TE/ePC samples, respectively.
Figure 4
Analysis of [3H]diC4PC transport into proteoliposomes. Triton
extracts (TEs) of SWER were mixed with egg PC and reconstituted
into proteoliposomes. Different amounts of TE were used in
the various reconstitutions to generate vesicles with different
protein:phospholipid ratios. [3H]Mannose was used as a content
marker in order to determine the intravesicular volume of each of
the reconstituted vesicle preparations. Error bars represent standard
error. (a) The rate constant (k) for each transport assay (obtained
via a single exponential fit of the data) as a function of the
protein:phospholipid ratio. The horizontal grey line represents the
mean of the data. (b) The amplitude of the transport assay (extent
of diC4PC uptake plotted as a percentage of the intravesicular
space (mannose space) in each assay) as a function of the
protein:phospholipid ratio (filled diamonds). The open circles
represent data obtained in reconstitutions using egg PC and
cholesterol, and [14C]sucrose as a marker of intravesicular space.
The graph was calculated on the assumption that the concentration
of diC4PC within the vesicles is identical to that outside the vesicles
once transport equilibrium is reached.
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The observation that the extent of diC4PC uptake
decreases as fewer proteins are reconstituted into vesicles
implies that at the inflection point of the dose-response
curve (~100 µg/µmol; Figure 4b), each vesicle must contain
one functional diC4PC translocator. As discussed later, pro-
teoliposomes prepared at a protein:phospholipid ratio of
~100 µg/µmol contain, on average, about 560 protein mole-
cules per vesicle. Thus, as the protein:phospholipid ratio
drops below ~100 µg/µmol, fewer vesicles contain func-
tional translocators, although they still have other protein
molecules, and consequently, not all the intravesicular
space is accessible to diC4PC. Therefore, in all subsequent
experiments we used the extent of [3H]diC4PC
uptake — calculated as the ‘percentage of marker (usually
mannose) space’ — as a measure of transport activity. To
facilitate comparisons and to compensate for variations
between samples, uptake measurements were further nor-
malized to the protein:phospholipid ratio to yield a specific
activity (see Materials and methods for definitions). As dis-
cussed later, this specific activity measure is proportional to
the abundance of the translocator in a particular proteolipo-
some preparation.
Size characterization of proteoliposomes
In order to confirm that our calculations of intravesicular
volume based on [3H]mannose quantitation were correct,
we measured vesicle diameters (and hence volume) by
electron microscopy. We prepared proteoliposomes with an
intravesicular volume of ~7980 ml/mol phospholipid as
determined by [3H]mannose content. As described by
Mimms et al. [31], this figure corresponds to vesicles with an
average external diameter of 243 nm. Vesicle diameters and
deduced volumes of this particular proteoliposome prepara-
tion were then determined by electron microscopy. The
average diameter was found to be 218.5 ± 5.6 nm
(mean ± standard error; 184 vesicles counted). The average
volume measured was 76.3 ± 6.8 × 105 nm3, however, corre-
sponding to an average diameter of 244.3 ± 21.8 nm. The
exceptionally close correspondence of these numbers to the
average vesicle diameter deduced from the [3H]mannose
content data authenticates the use of [3H]mannose as a rea-
sonable measure of the intravesicular space. That a similar
vesicle size was determined by two independent methods
also confirms the characterization by Lévy et al. [28] that
detergent removal by Bio-Beads under the conditions
described yields unilamellar vesicles.
Protease treatment severely attenuates transport
On the basis of the results shown in Figure 3, we con-
cluded that ER proteins are required for diC4PC translo-
cation. We tested this conclusion by investigating the
effect of various protein-modification reagents on the
extent of [3H]diC4PC uptake. We observed no effect on
the amplitude of transport when proteoliposomes were
treated with iodoacetic acid (to modify free sulphydryl
groups) or bromophenacylbromide (to modify histidine
residues), and concluded that the effect of these reagents,
if any, was insufficient to cripple transport (we would not
have been able to detect few-fold changes in the kinetics
of uptake). We next tested the effect of proteolysis. Prote-
oliposomes prepared at a protein:phospholipid ratio well
within the dynamic range of the transport assay
(Figure 4b) were treated with proteinase K and tested for
their ability to transport [3H]diC4PC (Figure 5a). As
shown in Figure 5a,b, the extent of diC4PC uptake into
control vesicles corresponded to ~29.2% of the mannose
space, in agreement with the dose–response curve shown
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Figure 5
Protease treatment blocks [3H]diC4PC transport into proteoliposomes.
Proteoliposomes with a protein:phospholipid ratio of ~31 µg/µmol were
prepared and then divided into two aliquots: one was treated with
proteinase K then quenched with PMSF, whereas the other (control) was
treated with PMSF alone. The intravesicular [3H]mannose content of
the protease-treated sample was 91.7 ± 8.2% (mean ± standard error)
of the intravesicular [3H]mannose content of the control sample.
(a) Protease-treated and control samples were tested for their ability to
transport [3H]diC4PC. Each assay, conducted at 30°C, contained
20 µl of the vesicle suspension (~350 µg/ml protein and ~11.3 µmol/ml
phospholipid) and 5 µl of a stock solution of [3H]diC4PC (final
concentration of [3H]diC4PC was 5.7 mM). [3H]DiC4PC uptake is plotted
as a percentage of intravesicular space (mannose space) in the assay.
(b) The extent of [3H]diC4PC uptake at equilibrium as a percentage of
mannose space. (c) Intactness of the vesicles after protease treatment
determined as relative intravesicular [3H]mannose content; the
protease-treated sample contained 91.7 ± 8.2% (mean ± standard error)
of the intravesicular [3H]mannose content of the control sample. 
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in Figure 4b. Proteolysis reduced the extent of diC4PC
uptake to ~9.6% of the mannose space, however, indicat-
ing that roughly two thirds of the transport-active vesicles
in the control sample now lacked a functional diC4PC
translocator. Vesicle membrane integrity was unaltered by
protease treatment (Figure 5c), indicating that our mea-
surements of protease-treated vesicles reflected the
behavior of the entire vesicle pool rather than a minority
of sealed vesicles. Thus, diC4PC transport into proteolipo-
somes depends on a membrane protein(s), the activity of
which in a majority of the vesicles can be destroyed by
exogenously applied protease. 
Transport activity is recovered in a protein fraction with low
sedimentation rate
In an attempt to learn the molecular mass of protein(s)
responsible for diC4PC transport into proteoliposomes,
and also to investigate the point that all ER proteins are
not equally competent to support diC4PC transport, we
subjected the SWER Triton extract to velocity sedimenta-
tion analysis on glycerol gradients (Figure 6a). The Triton
extract was loaded onto a 10–35% (w/v) glycerol gradient
(supplemented with 100 mM NaCl, 1% Triton X-100,
50 mM TEA pH 7.5) and centrifuged at ~165,000 × g for
18.5 hours. Gradient fractions were combined pairwise to
generate six pools (A–F, going from top to bottom), which
were then dialyzed briefly to remove glycerol. Proteolipo-
somes were reconstituted from each of the pools and
assayed for protein and phospholipid content, intravesicu-
lar volume and diC4PC transport activity.
Preliminary characterization of the glycerol gradient
(Figure 6a) showed that the gradient was capable of
resolving standard soluble proteins and protein com-
plexes in the range ~2S to ~19S, and that ribophorin I, a
component of the oligosaccharyltransferase complex in
the ER [32,33], sedimented characteristically at ~11S when
compared with the soluble standards. The bulk (~84%) of
the phospholipid content of the Triton extract was distrib-
uted evenly between pools A and B, with ~14% in pool C
and negligible amounts in pools derived from the bottom
half of the gradient (Figure 6b). The protein distribution,
measured after reconstitution of each of the pools, is shown
in Figure 6c. Total protein recovery from the gradient
(relative to that determined for proteoliposomes reconsti-
tuted from the unfractionated Triton extract) was ~82%.
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Figure 6
Analysis of the SWER Triton extract by glycerol gradient centrifugation.
Triton extracts of SWER were subjected to glycerol gradient
centrifugation as described in the Materials and methods. Fractions
were collected from the top and aliquots were removed for refractive
index measurement, immunoblotting using antibodies against ribophorin
I, and protein and phospholipid determination. The gradient was
calibrated by monitoring the sedimentation of known molecules in a
parallel gradient: the standards used were cytochrome c (2.1S),
ovalbumin (3.6S), bovine serum albumin (4.2S), alcohol dehydrogenase
(7.6S), β-amylase (8.9S), apoferritin (17.7S), and thyroglobulin (19.4S).
Gradient fractions from two parallel runs were pooled pairwise to yield
pools A–F. Pool A corresponds to fractions 2 and 3, pool B
corresponds to fractions 3 and 4, etc. (a) Characteristics of the glycerol
gradient. The refractive index of the gradient fractions is plotted and
sedimentation positions of known markers as well as ribophorin I (Ribo)
are indicated. The sedimentation coefficient of ribophorin I, a type I
membrane protein, in the gradient is about 11S. (b) Distribution of
Triton extract phospholipids in gradient pools. Phospholipid content
was determined by subjecting aliquots of the gradient pools to lipid
extraction prior to reconstitution. (c) Distribution of Triton extract
proteins in gradient pools, determined after reconstitution into
proteoliposomes. Protein distribution before reconstitution was roughly
even over pools A–C, and tapered off through pools D–F. (d) Specific
activity of diC4PC transport in gradient pools. Proteoliposomes
reconstituted from each of the gradient pools were assayed for
[3H]diC4PC uptake. Assays were carried out by measuring uptake after
a 12 min incubation at 30°C using 4.9 mM [3H]diC4PC. Uptake was
normalized to mannose space as well as to the protein:phospholipid
ratio (µg protein/µmol phospholipid) to yield a specific activity for each
pool. The data are presented relative to the specific activity of
proteoliposomes reconstituted from an unfractionated Triton extract.
(e) Total activity of diC4PC transport in gradient pools, expressed as a
percentage of the activity loaded onto the gradient. The total activity
recovered in the six pools was ~75% of the amount loaded.
The highest recovery of activity was in pool B, corresponding to a
sedimentation coefficient of ~3.8S.
bb10e31.qxd  03/13/2000  01:54  Page 246
One-dimensional SDS–PAGE analysis of the gradient
pools showed a complex mixture of proteins in each of the
pools, as visualized by Coomassie Blue staining.
When proteoliposomes reconstituted from the gradient
pools were assayed for diC4PC transport activity, striking
results were obtained (Figure 6d,e). The specific activity
of the diC4PC translocator was highest in pool A, being
about eightfold and tenfold higher than in pools C and D,
respectively (Figure 6d). These data clearly indicate that
it is possible to resolve the Triton extract into pools of
protein with quite different specific activities for diC4PC
transport, consistent with the proposal that specific pro-
teins in the ER are responsible for diC4PC transport. A
profile of the total amount of diC4PC transport activity
recovered showed that the majority of the activity was
recovered in the top half of the gradient, with a peak of
recovery in pool B (Figure 6e). Similar to the results shown
in Figure 5, the activity of proteoliposomes prepared from
pool B could be reduced by treating the vesicles with pro-
teinase K under conditions in which vesicle intactness was
not compromised — a ~50% reduction in transport ampli-
tude (normalized to mannose space) was observed, using
proteolysis conditions similar to those used in Figure 5.
These data reaffirm the involvement of proteins in diC4PC
transport and indicate that the protein(s) responsible for
diC4PC transport activity has a nominal sedimentation
coefficient of about 3.8S (the average sedimentation coeffi-
cient of proteins recovered in pool B).
Chromatographic analyses suggest that there may be at
least two ER proteins able to transport diC4PC
As part of an effort to demonstrate the feasibility of using
protein purification approaches to identify a diC4PC trans-
porter, we subjected pool B of the glycerol gradient
(Figure 6e) to anion exchange chromatography. Using a
DE-52 column equilibrated in 50 mM NaCl, 1% Triton
X-100, 50 mM TEA pH 7.5, we found that most of the
diC4PC transport activity in pool B appeared in the flow-
through fraction, which had a specific activity ~2.7-fold
higher than that of pool B. This result, together with the
glycerol gradient separation, clearly shows that it is possi-
ble to fractionate the Triton extract and obtain prepara-
tions enriched in transport activity.
We followed up this observation by subjecting the original
SWER Triton extract to DE-52 chromatography, using a
higher pH (pH 8.5) and lower salt and detergent concen-
trations (20 mM NaCl and 0.2% Triton X-100, respec-
tively) to improve protein binding to the column. Material
was recovered in a flow-through fraction and upon step-
wise elution with salt concentrations of 80 mM and
250 mM. Total recovery of activity was ~57% and recovery
of protein (comparison made after reconstitution) was
~52%, both being divided roughly evenly between the
flow through and combined salt-eluted fractions. The
incomplete recovery of activity correlated with protein
recovery and is therefore likely to be due to losses during
sample handling and processing rather than to lability of
the transporter. On reconstitution into proteoliposomes,
both the flow through and 80 mM salt-eluted material dis-
played specific activities above that of the starting Triton
extract (1.2-fold and 1.6-fold, respectively; Figure 7a),
whereas the specific activity of the 250 mM salt-eluted
fraction was somewhat lower (0.7-fold that of the Triton
extract). The ability to generate fractions with different
specific activities reinforces our conclusion that specific
proteins in the ER are responsible for diC4PC transport.
Although the protein profiles of the three fractions (deter-
mined by one-dimensional SDS–PAGE, visualized with
Coomassie Blue stain) showed clear differences, they also
displayed a number of common (possibly identical) molec-
ular weight bands, indicating that the activity recovered in
the flow through might simply be the result of inefficient
binding to the anion exchange resin. However, prelimi-
nary data on the protease susceptibility of transport activ-
ity in proteoliposomes reconstituted from each of the
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Figure 7
Anion exchange chromatography of the Triton extract. A Triton extract
of SWER was subjected to anion exchange chromatography on DE-52
as described in the Materials and methods. Three fractions — flow
through (FT), and two salt-eluted fractions — were obtained and
analyzed for their ability to transport [3H]diC4PC. Transport assays
were carried out by measuring uptake after a 12 min incubation at
30°C, using 4.4 mM [3H]diC4PC. (a) The relative specific activity of
each fraction (setting the activity of the unfractionated Triton extract
at 1 (dashed line); the measured activity of the unfractionated Triton
extract in this experiment was 1.27 ± 0.20% of intravesicular space
per µg protein per µmol phospholipid (mean ± standard error). (b) The
percentage distribution of the total activity that was recovered in the
combined fractions (56.8% of the load).
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fractions suggested otherwise. Transport activity in proteo-
liposomes generated from the salt-eluted material was
considerably less sensitive to proteolysis than that in pro-
teoliposomes generated from the flow through. Proteinase
K treatment resulted in an 11.9 ± 1.6% and 17.5 ± 1.3%
(mean ± standard error) reduction in transport amplitude
(normalized to intravesicular space) for proteoliposomes
prepared from the 80 mM and 250 mM salt-eluted frac-
tions, respectively, whereas a much larger reduction
(58.6 ± 17.4 %) was seen after similar treatment of flow-
through proteoliposomes. These data suggest that we are
probably dealing with at least two proteins (or two differ-
ent states of the same protein) capable of facilitating
diC4PC transport, one of the proteins (or states) being
more susceptible to proteolysis than the other.
Discussion
The data presented in this paper clearly demonstrate that
the transport of diC4PC across the ER membrane is facili-
tated by specific ER membrane proteins. Although the
precise relationship between diC4PC transport and the
flip-flop of naturally occurring long-chain phospholipids
remains to be elucidated, diC4PC is expected to be a cred-
ible reporter of phenomena involving endogenous phos-
pholipids in which lipid behaviour is largely governed by
the polar headgroup [1,3,9]. Thus, although quantitative
differences between the membrane translocation rates of
short-chain versus long-chain phospholipids must neces-
sarily exist, the amplitude of transport that we use as an
activity measure is unlikely to be affected by acyl chain
length. We therefore suggest that the specific ER proteins
implicated by our data are the flippases responsible for the
membrane translocation of natural phospholipids in the
ER. The reconstitution methodology that we describe
thus creates the basis for the biochemical identification of
an ER phospholipid flippase.
Abundance of the diC4PC translocator
At the inflection point (~100 µg/µmol) of the dose–response
curve shown in Figure 4b, each vesicle can be expected,
on average, to contain one diC4PC translocator. On the
basis of the [3H]mannose content, vesicles at this
protein:phospholipid ratio were measured in one experi-
ment to have an intravesicular volume of ~5,800 ml/mol
phospholipid, corresponding to an average external diame-
ter of ~180 nm and a phospholipid content of ~280,000
molecules per vesicle [31]. With these numbers, if we
assume that the mean molecular weight of ER proteins is
~50 kDa [34], each vesicle prepared at ~100 µg/µmol con-
tains, on average, roughly 560 protein molecules. This
implies that the abundance of functional diC4PC translo-
cators is about 1 in 560 or <0.2% by weight of reconsti-
tuted ER membrane proteins, similar to the assessment of
0.6% by weight reported by Backer and Dawidowicz [17].
If functional translocators comprise multimers of mixed or
identical subunits, then the predicted abundance of the
subunits would be higher than the estimate provided
above. This abundance level clearly suggests that purifi-
cation of a flippase from the ER is feasible. By way of
comparison, it can be estimated from purification data
that the abundance of oligosaccharyltransferase in canine
pancreas microsomes is about 1–2% [32]. A similar esti-
mate of abundance can be made for Sec61p, a compo-
nent of the ER protein translocation complex
(C. Nicchitta, personal communication). These estimates
suggest that the diC4PC translocator (functioning as a
monomeric entity, with no subunits) is ~5–10-fold less
abundant than components of the ER protein transloca-
tion and modification machinery.
Implications of limited protease sensitivity and the
possibility of more than one transporter
Transport of diC4PC across the ER membrane is bidirec-
tional, suggesting that, at least qualitatively, the transloca-
tor must be functionally symmetric. This raises the issue of
whether there are two different transport units in the ER
membrane, or whether one unit provides for bidirectional
phospholipid translocation. The proteolysis experiment
shown in Figure 5 indicates that, despite aggressive treat-
ment with proteinase K (2 mg/ml enzyme, 105 µg vesicle
protein, 40 minutes incubation at room temperature; for
comparison note that most protease protection experiments
use milder conditions, for example, 50 µg/ml proteinase K,
30–60 minutes incubation on ice to eliminate extravesicular
protein [35]), ~33% of the pool of transport active vesicles
remains active. Similar data showing incomplete inactiva-
tion of transport, despite aggressive proteolysis, have been
reported by others using trypsin, pronase, and proteinase K
treatments of ER vesicles [7,8]. We suggest that this could
be due to two different translocators with differential sensi-
tivity to proteinase K, or one translocator that can be inacti-
vated when it is oriented in the membrane during
reconstitution such that a protease-sensitive site is exposed
on the vesicle surface rather than the vesicle interior. Thus,
transport-active vesicles containing protease-resistant
translocators, or translocators oriented such that only pro-
tease-resistant segments were exposed on the vesicle exte-
rior, would survive proteolysis, whereas the rest would be
inactivated by protease. For the moment, on the basis of
chromatographic analyses of the Triton extract, we believe
that there exist at least two transporters, or two active and
separable components of a single transporter, and that the
reconstituted transporters can be characterized by protease
sensitivity. Alternative possibilities that would explain our
data include a single transporter, the chromatographic prop-
erties and susceptibility to proteinase K of which are modi-
fied by an additional subunit or bound lipid. More work
needs to be done to resolve these issues.
Transport mechanisms
The mechanism by which phospholipids traverse the ER
membrane remains a matter for speculation. Recent work
248 Current Biology Vol 10 No 5
bb10e31.qxd  03/13/2000  01:54  Page 248
with a variety of membrane-active peptides indicates that
translocation might occur through the formation of a pore
that would allow phospholipids to re-orient in the mem-
brane with the headgroup residing in the aqueous lumen of
the pore while the acyl chains remain within the hydrocar-
bon interior of the bilayer. Thus, during transbilayer transit,
a phospholipid molecule would ‘lubricate’ the packing
space between peptide monomers in the pore complex.
Naturally occurring peptides such as magainin [36] and
nisin [37], and the synthetic peptide GALA [38], are
capable of transiently self-assembling into homo-oligomeric
pores in the membrane, and it is this pore formation that
apparently promotes phospholipid flip-flop. The protein
translocation channel in the ER membrane has some of the
characteristics of the pore-forming peptides and it is tempt-
ing to speculate that both protein and phospholipid translo-
cation are mediated by the same machinery. The protein
translocon has a gated transverse aqueous channel which
can, however, open laterally toward the lipid bilayer to
allow membrane insertion of protein transmembrane seg-
ments [39–41]. Our estimates of the abundance of the
diC4PC transporter suggest that it is 5–10-fold less abun-
dant than protein translocons in the ER, however, suggest-
ing that phospholipid translocation is either independent of
protein translocation or that only certain assembly states of
the translocon permit phospholipid transport. These are
ideas that can be tested using the reconstitution methodol-
ogy presented in this paper.
Conclusions
Our results clearly demonstrate that the transport of a syn-
thetic phosphatidylcholine molecule across the ER mem-
brane is facilitated by specific ER membrane proteins.
These proteins are likely to be the enigmatic flippases
responsible for the flip-flop of endogenous phospholipids
during membrane bilayer assembly. Our data are consis-
tent with the idea that the ER contains two transporters
capable of effecting the bidirectional translocation of
phospholipids. The operational size of the transporters
gleaned from velocity sedimentation analyses is about
3.8S. These results represent the first step in identifying
and understanding the mechanism by which the phospho-
lipid bilayer of biological membranes is assembled.
Materials and methods 
Materials
ULTROL grade Triton X-100 was obtained from Calbiochem,
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased
from Avanti Polar Lipids, SM-2 Bio-Beads were from Bio-Rad Laborato-
ries, and DE-52 was from Whatman. All other chemicals were from
Sigma Chemical Corporation unless otherwise specified. HA filters
(0.45 micron) were from Millipore, and the Micro BCA protein assay
reagent was from Pierce Chemical Corporation.
Radiolabeled compounds
[Choline-methyl-3H]Dipalmitoyl-phosphatidylcholine (80 Ci/mmol),
D-[2-3H]mannose (20 Ci/mmol), and [14C]sucrose (620 mCi/mmol)
were from American Radiolabeled Chemicals.
Synthesis of [choline-methyl-3H]dibutyroylphosphatidylcholine
([3H]diC4PC)
Radiolabeled dibutyroylphosphatidylcholine was prepared as described
by Bishop and Bell [9], starting from a mixture of [choline-methyl-
3H]dipalmitoyl-phosphatidylcholine and non-radioactive DPPC (mixed to
yield a specific activity in the range 3,000–9,000 cpm/nmole). Syntheses
were performed on the 50–100 µmole scale and the purified product
was quantitated by lipid phosphorus measurement [42]. Typical yields
were 60–80% of the starting radioactive DPPC. The molecular mass of
the product was verified by fast atom bombardment mass spectrometry
(M+H+ 398.2). The [3H]diC4PC was stored at –20°C as a solution in
chloroform. Prior to use, the organic solvent was evaporated and the
[3H]diC4PC was dissolved in 100 mM NaCl, 50 mM TEA-acetate pH 7.5,
usually at a concentration of 25 mM.
Microsomes and sub-microsomal fractions from rat liver
Total, rough and smooth microsomes were isolated from rat liver as
described by DePierre and Dallner [24] and Higgins and Fieldsend [43].
Microsome fractions were resuspended in 0.25 M sucrose, 50 mM
Hepes–NaOH pH 7.5 at a protein concentration of between
15–4.0 mg/ml, snap frozen in liquid nitrogen, and stored at –80°C.
Preparation of salt-washed RER (SWER)
A suspension of RER vesicles was diluted with an equal volume of a high
salt buffer (1 M KOAc, 50 mM TEA-acetate, pH 7.5, 10 mM EDTA,
0.75 mM PMSF), incubated on ice for ~20 min, then centrifuged through
a 0.5 M sucrose cushion in a TLA 100.3 rotor at 70,000 rpm for 30 min.
The resulting salt-washed ER vesicles (SWER) were resuspended in
0.25 M sucrose, 50 mM TEA-acetate (pH 7.5) at a concentration of
~20 mg/ml, snap-frozen, and stored at –80°C until use. No detectable
loss in activity was apparent even after storage for 2 years.
Detergent solubilization of SWER
A Triton extract of SWER was prepared by mixing a ~20 mg/ml vesicle
suspension with an equal volume of 2× buffer (200 mM NaCl, 50 mM
TEA-acetate pH 7.5, 2% (w/v) Triton X-100). The mixture (which was rel-
atively clear compared with the original turbid vesicle suspension) was
left on ice for 30 min with occasional pipette mixing, before being cen-
trifuged in a TLA 100.2 rotor (Beckman) at 70,000 rpm (~175,000 × g)
for 45 min. The resulting clear supernatant (‘Triton extract’) was carefully
removed, taking care not to collect insoluble material in the fluffy surface
of the pellet, and placed on ice before further fractionation and/or recon-
stitution into proteoliposomes. The phospholipid:protein ratio in SWER
preparations was typically ~0.27 µmol phospholipid/mg protein and
Triton extracts prepared as described here typically contained all the
phospholipid and ~65% of the SWER protein.
Reconstitution of liposomes and proteoliposomes
Proteoliposomes were reconstituted according to the procedure of Lévy
et al. [28] by adding the Triton extract to a glass screwcap tube contain-
ing a solution of egg PC in 1× buffer (100 mM NaCl, 50 mM TEA-acetate
pH 7.5, 1% (w/v) Triton X-100). The amount of egg PC dried in the tube
was adjusted so as to have a final phospholipid concentration (after addi-
tion of the Triton extract and its complement of phospholipids) of
~4.5 mmol/ml. The Triton extract–egg PC solution was then supple-
mented with [2-3H]mannose (~2.5 × 106 cpm/ml, final). For some experi-
ments, the egg PC was supplemented with 10 mol % cholesterol and
[14C]sucrose was used instead of [2-3H]mannose. In order to remove
detergent so as to assemble proteoliposomes, SM2 Bio-Beads (prepared
by sequential rinsing in methanol, water, and 100 mM NaCl, 50 mM TEA-
acetate, pH 7.5) were added (200 mg wet weight per ml of extract) and
the tube was gently agitated at ambient temperature for ~3 h. At this
point the sample was supplemented with more Bio-Beads (to yield a final
concentration of 600 mg Bio-Beads per ml extract) and mixing was con-
tinued for an additional 16–20 h at 4°C. Variations of this procedure that
were used included a 2 h incubation at room temperature following the
second addition of Bio-Beads, before transferring the sample to 4°C. The
turbid solution resulting from the Bio-Bead treatment was removed from
the beads using a pasteur pipette and centrifuged in a TLA 100.3 rotor
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(Beckman) at 70,000 rpm for 45 min. The resulting vesicle pellet was
washed with 100 mM NaCl, 50 mM TEA-acetate pH 7.5, then resus-
pended in the same buffer with the aid of a dounce homogenizer. Aliquots
of the initial supernatant, both washes, and the final vesicle suspension
were taken for liquid scintillation counting to determine the efficiency of
trapping of radiolabeled mannose (or sucrose), an indication of the
average size of the reconstituted vesicles. As it is expected that some
extravesicular mannose (or sucrose) will remain with the vesicle pellet
despite repeated washes, the trapping efficiencies that we report repre-
sent an overestimate. Trapping efficiency was in the range 2–4%, and
recovery of phospholipid was in the range 70–100%.
Electron microscopy
A suspension of proteoliposomes was examined by electron microscopy
by placing a drop of the suspension (~0.2 mM phospholipid) on a
carbon-coated copper grid treated with denatured bovine serum
albumin. After allowing the vesicles to adsorb, the grid was washed,
stained with uranyl acetate, shadowed with platinum and examined in a
Philipps 300 electron microscope. Photographs of fields of vesicles
were taken, and vesicle diameters were measured by projecting images
of the grid onto a ground glass surface. Photographs of a calibration
grid were taken and measured in parallel. 
Protease treatment of proteoliposomes
Proteoliposomes were reconstituted from a Triton X-100 extract of
SWER, as described above, and resuspended at a concentration of
~0.35 mg/ml protein (~11 µmol/ml phospholipid). Two aliquots (300 µl
each) of proteoliposomes were analyzed. One aliquot was incubated with
proteinase K (33 µl of a 20 mg/ml stock solution) for 40 min at room tem-
perature, before proteolysis was stopped by adding 6 µl of a 150 mM
solution of PMSF. The second aliquot was mock-treated in parallel by
incubation with 33 µl buffer, followed by PMSF. Treated and untreated
samples were assayed for their ability to transport [3H]diC4PC.
Glycerol gradient analysis of the Triton extract
Triton extracts (500 µl each) were loaded onto each of two 4.8 ml glyc-
erol gradients (10–35% (w/v) prepared in 1% Triton X-100, 100 mM
NaCl, 50 mM TEA pH 7.5). The gradients were centrifuged in a Beckman
SW50.1 rotor at 37,000 rpm (~165,000 × g) for 18.5 h at 4°C and frac-
tions (0.4 ml each) were collected from the top. Aliquots of each fraction
were taken for refractive index measurement, protein and phospholipid
determination, and immunoblotting with antibodies to ribophorin I. The
gradient fractions (from both gradients) were then combined pairwise, so
as to generate six pools, A–F. The pools were dialyzed for ~1 h against 1
liter buffer (1% Triton X-100, 100 mM NaCl, 50 mM TEA pH 7.5) before
being reconstituted as described. The amount of each pool taken for
reconstitution was determined after protein measurement in an attempt
to have a roughly similar protein:phospholipid ratio in all reconstituted
preparations. Aliquots of the resulting proteoliposomes were taken for
protein and phospholipid determination, in addition to being assessed for
their ability to transport [3H]diC4PC.
Anion exchange chromatography of the Triton extract
Fresh SWER Triton extract was prepared using 20 mM Hepes buffer
(instead of TEA) and adjusted to pH 8.3, 20 mM NaCl, 0.2% Triton
X-100 by dilution into 4 volumes of 20 mM Hepes pH 8.3. The sample
(1 ml) was loaded onto a DE-52 column (0.8 ml bed volume; equili-
brated by washing with 10 column volumes of 20 mM Hepes, pH 8.3,
20 mM NaCl, 0.2% Triton X-100), and washed with the equilibration
buffer to generate a flow-through (FT) fraction. Bound proteins were
eluted in two steps using first 80 mM, then 250 mM NaCl, in a back-
ground of 20 mM Hepes pH 8.3, 0.2% Triton X-100. Aliquots of the FT
and salt-eluted fractions were reconstituted as described, using egg
PC and cholesterol, and [14C]sucrose as a content marker.
Characterization of subcellular fractions and vesicle preparations
The protein content of subcellular fractions and reconstituted vesicle
preparations was measured using the Micro BCA protein assay
reagent (Pierce Chemical Co.). Membrane samples were diluted in 1%
SDS for protein measurement. Phospholipid content was determined
by extracting lipids according to the procedure of Bligh and Dyer [29]
and measuring lipid phosphorus in the organic extract by the procedure
of Rouser et al. [42]. For proteoliposomes prepared at low
protein:phospholipid ratios, samples were delipidated to eliminate inter-
ference from phospholipid in the protein assay. Delipidation was
carried out as described by Wessel and Flügge [44] and protein
residues were dissolved in 1% SDS overnight at room temperature
before protein determination. Organellar protein compositions were
determined by immunoblotting using antibodies against organelle-spe-
cific proteins: ribophorin I (ER [25] — antibodies obtained from Chris
Nicchitta, Duke University Medical Center); α2,6-sialyltransferase
(Golgi [27] — antibodies obtained from Karen Colley, University of Illi-
nois College of Medicine); and dipeptidylpeptidase IV (plasma mem-
brane [26] — antibodies obtained from Ann Hubbard, The Johns
Hopkins University Medical School). The integrity of ER vesicles was
determined by assessing the latency of mannose-6-phosphatase [45].
Vesicle integrity was determined to be at least >85%, typically >95%,
for all rough ER and salt-washed ER preparations.
Transport of [3H]diC4PC into vesicles
A modification of the procedure of Bishop and Bell [9] was used. Typi-
cally, 20 µl of the vesicle suspension was equilibrated at the assay tem-
perature (30°C) for 1 min before initiating the assay by adding 5 µl of
[3H]diC4PC (final concentration typically 5 mM). The assay was termi-
nated by adding 600 µl ice-cold buffer and filtering the mixture through
a rinsed, pre-cooled Millipore 0.45 micron HA filter using a filtration
manifold (Hoefer) equipped with a vacuum pump. The assay tube was
rinsed with an additional 600 µl ice-cold buffer and the rinse was
passed through the same filter. The filter was then washed with 5 ml ice-
cold buffer, transferred to a scintillation vial and agitated briefly with
100 µl 0.1% SDS before adding scintillation cocktail and taking the
sample for liquid scintillation counting. Assay background was deter-
mined by adding the ‘stop’ solution (600 µl ice-cold buffer) before
adding the [3H]diC4PC. Transport curves were fit to a single exponential
function, [3H]diC4PC uptake (cpm) = A[1–exp(–kt)], to determine the
rate and extent of uptake. Filter-bound reconstituted vesicles were also
quantitated by measuring the amount of filter-bound [3H]mannose
(content marker) without prior incubation with [3H]diC4PC. Retention of
vesicles on the filter was >30%, as determined by comparing filter-
bound [3H]mannose with the [3H]mannose content of an equivalent
amount of the vesicle suspension. Metabolism of [3H]diC4PC by SWER
vesicles was assessed as described by Kawashima and Bell [23] and
found to be minimal over the time course of the assay (<10% conver-
sion to the lyso lipid after a 30 min incubation).
Calculations and definitions
The extent of [3H]diC4PC uptake was expressed as a percentage of
mannose space. The amount of [3H]diC4PC taken up at equilibrium by
the vesicles in a particular assay (x; cpm) was measured directly from a
12 min incubation (corrected for assay background), or obtained as the
amplitude in a single exponential fit of a transport time-course as
described above. On the basis of the concentration of [3H]diC4PC in
the assay (cF ; cpm/µl; determined explicitly by taking an aliquot of the
[3H]diC4PC working solution for scintillation counting), and assuming
that at equilibrium the intra- and extra-vesicular concentrations of
[3H]diC4PC are identical, this value was used to compute the
[3H]diC4PC-accessible intravesicular space recovered on the filter
(vL = x/cF; µl). In parallel, vesicles in a mock assay (lacking [3H]diC4PC
but containing an equivalent amount of buffer) were filtered and the
amount of [3H]mannose (content marker) on the filter was determined
(mf; cpm). Based on the concentration of [3H]mannose in the reconsti-
tution mixture before the addition of Bio-Beads (cM; cpm/µl), the
mannose space recovered in the assay was determined as
vM = mf/cM (µl). The fraction of the mannose space (f) accessible to
[3H]diC4PC was therefore computed as f = vL/vM.
The amount of phospholipid (p; µmol) and [3H]mannose recovered in the
vesicle suspension after washing (m; cpm) was compared to the
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concentration of [3H]mannose in the reconstitution mixture before the addi-
tion of Bio-Beads (cM; cpm/µl) to determine the intravesicular space
(v = (m/cM)/p; µl/µmol). These data were then used to calculate an average
vesicle size (external diameter) as described by Mimms et al. [31], assum-
ing a bilayer thickness of 4 nm and an average surface area of
0.7 nm2/phospholipid molecule. Based on the calculations listed in Table I
of Mimms et al. [31], the relationship between intravesicular volume (v; ml
per mmol phospholipid) and vesicle external diameter (d; nm) is
v = 35.11d—554. Similarly [31], the number of phospholipid molecules per
vesicle (in thousands) = 0.009d2–0.052d–0.876. Calculations were not
adjusted accounting for protein content of the vesicles — these adjustments
are likely to be small and unlikely to alter our conclusions significantly.
Specific activity is defined as the percentage of mannose space acces-
sible to [3H]diC4PC (f) per µg protein in a transport assay conducted
with 1 µmol vesicle phospholipid. Total activity is defined as specific
activity multiplied by total vesicle protein.
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